1. Introduction {#s0005}
===============

Patients who survive severe brain injury sometimes remain in states where they show either no signs of consciousness (vegetative state, VS) or fluctuating signs of consciousness (minimally conscious state, MCS ([@bb0140])). Careful clinical examination alone is often insufficient to detect signs of mental activity in these patients, because of cognitive or motor limitations due to brain lesions ([@bb0290], [@bb0310]). An extreme example is the case of patients with locked-in syndrome, who are fully conscious of themselves and their environment but suffer from paralysis following lesions to the ventral pons, impeding behavioral responses ([@bb0235], [@bb0260]). Therefore it is essential to supplement behavioral evaluation by neuroimaging methods such as functional magnetic resonance imagery (fMRI) or electroencephalographic recordings (EEG), with which we can infer the patients\' preserved cognition directly from their brain activity. EEG recordings in particular are of prime importance because they can be recorded at bedside and offer an optimal time-resolution to capture the respective dynamics of unconscious and conscious cognitive processes.

Several EEG protocols are now routinely used in some clinical centers to inform the diagnosis of patients with disorders of consciousness (DOC). Each protocol typically targets one or two EEG markers. Some of these markers are very specific but not very sensitive, while others show the converse profile. One such marker is the mismatch negativity (or MMN), which signs the detection of a local deviance, e.g. one odd tone within a series of identical tones (AAAAB) ([@bb0215]). This marker is not specific to consciousness, since some comatose patients show this effect ([@bb0125]), but it is useful in predicting good functional outcome ([@bb0200]). In contrast, the detection of a global deviance, such as detecting an odd series within repetitions of identical series (for example a series of identical tones AAAAA within repeated series containing one odd tone AAAAB) is only observed when the subject is conscious and voluntarily attends to global regularities in the auditory environment, thus qualifying this global effect as specific of consciousness ([@bb0015], [@bb0115], [@bb0120]). However this marker is not very sensitive, since it is absent in conscious but inattentive healthy volunteers. Other important markers include response to own name ([@bb0240]), or markers of motor preparation ([@bb0010], [@bb0020], [@bb0060], [@bb0065], [@bb0150]). Although each of these ERP markers shows some relevance in the evaluation of DOC patients, none of them stands out as the single "gold standard". Also, none of them can summarize the others: they all test different, possibly complementary, dimensions.

While the prevalent approach so far has been to search for a hypothetical unique marker of consciousness, here we would like to argue that a decisive advance could come from actually *combining* several markers. The present study tries to establish a proof of concept: that it is possible in practice to build a single protocol that probes many cognitive functions within a single recording session to improve the evaluation of DOC patients.

We built a single experimental protocol from which we could derive most of the classical markers described above, as well as markers of spatial attention, which has not been tested in patients so far. We included spatial attention because decades of research on healthy volunteers suggest that conscious perception is tightly related to the allocation of attentional resources ([@bb0045], [@bb0205], [@bb0225], [@bb0285], [@bb0330], [@bb0335]). Recent studies even suggest that a key event that makes a stimulus become conscious is the reactivation of sensory representations by the attentional system ([@bb0340], [@bb0355]). While many current ERP markers call upon general attention one way or another ([@bb0015], [@bb0040]), to our knowledge no previous study has probed such "outward oriented" attention in these patients. It could be particularly revealing of whether a patient can become conscious of their environment.

Our protocol was an auditory adaptation of the standard Posner cueing protocol ([@bb0265], [@bb0320]). Healthy controls and patients were instructed to move the hand, or imagine moving the hand, on the side of presentation of a target tone (motor planning). Just before each target tone, a cue was played either on the same or on the opposite side (temporal attention and spatial attention), and this cue could be the participant\'s own name, another name, or a non-verbal control (own name recognition) ([Fig. 1](#f0005){ref-type="fig"}A). In different sessions the cue either predicted the future target\'s side with 75% validity, or was not predictive of the target\'s side (global versus local detection of incongruence). So in total, this single protocol probed 8 different cognitive dimensions: (1) own name recognition, (2) temporal attention (3) spatial attention, (4) detection of spatial incongruence between the cue and the target, (5) motor planning in response to the target and (6,7,8) modulation of these effects by the global regularities (predictive value of the cue).

With this multidimensional test, we tackled two important issues. First, a better marker of consciousness might arise from multidimensional probing. Secondly, while most research so far has focused on detecting consciousness, in practice clinicians are in need for tools that not only test whether a patient is conscious or not, but also establish a more general and nuanced profile of the residual cognitive capacities of this patient. This would be a precious tool for orienting care and rehabilitation strategies, beyond the question of consciousness per se.

2. Materials and methods {#s0010}
========================

2.1. Control participants {#s0015}
-------------------------

Fifteen healthy individuals participated in the control study (6 women, 9 men, aged 23 ± 3, 4 left handed). All participants gave written informed consent before taking part in the experiment and received monetary compensation for their participation. The protocol conformed to French regulation and the Declaration of Helsinki and was approved by the ethics committee CPP Ile de France 1 (Paris, France). All control participants were included in the analysis.

2.2. Patients {#s0020}
-------------

Patients were included following written informed consent from their legal representative. The experiment was conducted under the approval of the ethics committee CPP Ile de France 1 (Paris, France). The patients were recorded without sedation for at least 24 h in order to maximize their arousal and their level of cognitive performance during the auditory task. All the EEG markers described here were derived from the same multidimensional protocol, acquired within a single EEG session lasting 1.5 h. Behavioral evaluation of each patient with the CRS-R (details below) was done just before this EEG session. Patients also underwent the original version of the "Local-Global" EEG test, either the day before or on the same day ([@bb0015], [@bb0115], [@bb0120]). The markers of local or global incongruence detection described here do not come from the routine "Local/Global" EEG test but from the new protocol.

Among the 17 patients who underwent this protocol, 4 were discarded from the analysis because of insufficient quality of the EEG recording (patients details in [Supplementary Table 1](#f0055){ref-type="fig"}, [Supplementary Table 2](#f0060){ref-type="fig"}, EEG exclusion criteria below). Thirteen patients were retained in the present analysis ([SI Table S1](#f0055){ref-type="graphic"}): 3 women and 10 men, with ages ranging from 25 to 63 years at the time of recording (mean = 46.1 years, sd = 14.6). The delay since injury varied from 15 days to 8 years (mean delay = 19.6 months, sd = 29.7). The etiologies were traumatic brain injuries (TBI) for six patients, stroke (ischemic and/or hemorrhagic) for six patients, and anoxia for one patient.

Clinical evaluation of consciousness was based on the French version of the CRS-R scale ([@bb0310]), after careful neurological examination by trained neurologists (FF, BR, LN). This scale consists of 23 items divided in six subscales addressing auditory, visual, motor, oromotor, communication and arousal functions. CRS-R subscales are comprised of hierarchically arranged items. The lowest item on each subscale represents reflexive activity while the highest items represent cognitively mediated behaviors. This scoring enables a distinction to be drawn between conscious (or exit MCS), minimally conscious (MCS) and vegetative states (VS) ([@bb0315]) also called "unresponsive wakefulness" ([@bb0185]). One patient was conscious (patient number 15), 8 patients were MCS and 4 were VS at the time of recording.

2.3. Stimuli and experimental procedure {#s0025}
---------------------------------------

All the EEG markers described here were derived from the same multidimensional protocol, acquired within a single EEG session lasting 1.5 h. Auditory stimuli were presented via headphones. Each trial consisted of a cue followed by a target with a fixed stimulus onset asynchrony (SOA) of 550 ms ([Fig. 1](#f0005){ref-type="fig"}A). The target was a brief tone composed of three superimposed sinusoidal tones (500, 1000 and 2000 Hz), lasting 50 ms with a 7 ms rise and a 7 ms fall time. There were three randomly interleaved cue types: the participant or patient\'s own first name, another first name, and a non-vocal control matched to the participant\'s own name. The participants\' own names and the other names were all digitally recorded with the same female voice in the same "calling" intonation, using the software Audacity. For each participant, the "other name" was matched in gender, number of syllables (1 2 or 3) and duration to the participant\'s own name, but with no similar syllables. Names from close relatives or friends were excluded. Each non-vocal control was created in Matlab by modulating a characteristic frequency of the corresponding own name (mean frequency of the spectrum) and two of its harmonics with the amplitude envelope of the own name stimulus. In this way, the non-vocal stimulus preserved some physical characteristics of the own name but did not sound like a voice ([@bb0160]). For each participant, the three cues were matched in peak amplitude and duration, and lasted between 400 ms and 500 ms across participants.

Each participant performed 3 blocks with a predictive context (75% of congruent trials) and 3 blocks with non-predictive context (50% of congruent trials). The two block types were alternated, and the starting condition was randomized across participants. Each block consisted of 192 trials, 64 for each cue type (own name, other name or non-vocal control), among which 32 were congruent in the 50% blocks, and 48 in the 75% blocks. This resulted in a total of 96 trials for each cue type and congruence condition in the 50% context, and 144 congruent versus 48 incongruent trials for each cue type in the 75% context.

2.4. EEG Acquisition and Preprocessing {#s0030}
--------------------------------------

We recorded high-density EEG sampled at 250 Hz and referenced to the vertex using a 257-channel system (Electrical Geodesics Inc., Oregon, USA). Preprocessing was performed using the Fieldtrip software ([@bb0230]) and custom scripts in Matlab. Continuous data were band-pass filtered between 0.1 and 20 Hz for control subjects, and between 0.5 and 20 Hz for patients, because patients showed important low-frequency noise. Data were then segmented from 750 ms before to 1000 ms after each target "beep". In a first pass of semi-automatic artifact rejection, trials and channels whose variance across a session exceeded a certain threshold were rejected, using the Fieldtrip artifact rejection tool (3000 μV^2^ for control subjects, 5000 μV^2^ for patients, corresponding to standard deviations of 55 μV and 71 μV respectively). Rejected electrodes (7% of the 257 electrodes on average) were reconstructed by interpolating their neighbors in Fieldtrip. Data were then visually inspected for remaining artifacts. In patients with excessive eye-movements or blinks, these artifacts were removed from the signal using a PCA procedure prior to segmentation: an ERP of the artifact was derived by averaging the EEG signal around the time of the blinks or the saccades detected in EOG. The first principal component of this ERP, selective of the artifact, was removed from the continuous EEG in components space and the remaining components were reconverted in the native space. The preprocessed epochs were averaged in synchrony with the target onset, transformed to an average reference, and corrected for baseline signal during a 200 ms period before the onset of the cue. Four of the 17 patients had to be discarded from further analysis because there had \> 30% of bad trials.

2.5. Statistics {#s0035}
---------------

### 2.5.1. Individual statistics of the GFP {#s0040}

For each experimental contrast, the presence of an effect was tested on the Global Field Power (GFP) which is the root summed square of the voltage of all electrodes at each time point ([@bb0190]). The GFP of the contrast between two conditions provides a compact summary of the time course of an effect. GFPs were corrected for a baseline period of 200 ms before cue onset.

To test for the significance of an effect in GFP, we performed two-steps statistics: at the level of individual samples, and then at the level of temporal clusters, based on the non-parametric cluster-level statistics developed in the fieldtrip software ([@bb0210]) adapted to temporal clusters ([@bb0040]). At the first level we estimated the p-value of the effect at each time point using Monte Carlo permutations (1000 randomizations). Only the time points with a significant effect at p \< 0.05 were retained. Significant time points were then clustered based on temporal contiguity, and only the clusters that were within the time window of interest were retained (see below). Finally the cluster-level significance (pclust, one-sided) was estimated based on the sum of the GFPs within each cluster, using Monte Carlo permutations (1000 randomizations). These cluster-level statistics were intrinsically corrected for multiple comparison ([@bb0210]). The analysis on control participants revealed that a classical threshold at pclust \< 0.05 was too conservative and produced false negatives ([SI Fig. 1](#f0045){ref-type="graphic"}). To date there is no consensus on the best criteria for individual statistics in ERPs, as demonstrated in a recent paper by Gabriel and collaborators ([@bb0135]). Here we decided to use the analysis on controls to set a pragmatic cutoff at pclust \< 0.075, which was the best compromise to prevent false negatives while keeping a low level of false positives. So, to summarize, an effect was deemed present if and only if there was at least one cluster of significant effects (p \< 0.05 at each sample) within the time window of interest, with pclust \< 0.075.

The time window of interest varied with the different contrasts, based on minimal a priori assumptions over the time period where the effect should occur. For own name versus other name it was the interval between cue and target i.e. − 550 to 0 ms; for 75% context versus 50% context it was − 500 ms to 500 ms; for spatial congruence effect and its strategic modulation it was 100 ms to 800 ms; for the simple "target Right versus Left" contrast it was 100 ms to 800 ms; for the effect of cue side, revealing spatial attention and motor anticipation before actual response to the target, the time interval was − 400 to + 200 ms (any effect beyond 200 ms could reflect actual motor response to the target); the same time window was used for the strategic modulation of this effect by context.

### 2.5.2. Group-level GFP statistics in control subjects {#s0045}

The GFP statistics for the control group followed the same logic as the individual statistics, using surrogate distributions through randomization of the condition labels across subjects. In contrast with the individual statistics, the first level threshold for the group GFP statistics was calculated at each time and not across all time points, so that the first-level threshold varied with time. Indeed, at the group level, randomizations still retained general trends with time such as Contingent Negative Variations.

### 2.5.3. Analysis of the contingent negative variation (temporal attention) {#s0050}

The Contingent Negative Variation (CNV) is a classical waveform that is observed when a first event makes the subject anticipate a second event ([@bb0365]). It is characterized by a fronto-central negativity whose intensity gradually builds up as the anticipated time of the second event approaches. In the present design, the onset of the target is entirely predictable following the cue, since the SOA is fixed at 550 ms. A strong CNV is thus expected in all experimental conditions. Furthermore, the CNV is modulated by factors that increase the predictable character of the second target. In the present protocol, we have such a manipulation: in separate session, the side of the probe either predicts the side of the target (75% sessions) or not (50% sessions). If subjects realize this spatial regularity, we should observe an additional strategic modulation of the CNV, with a steeper slope in predictive than in non-predictive sessions.

The topography of the CNV for the control group was used as a mask for probing the presence of a CNV and modulation of CNV for each individual. In the control group analysis, we first estimated for each control subject the slope of the evoked potential across all trials between − 300 ms and − 100 ms before target at each electrode site, using a linear regression of voltage over time. Electrodes showing a significant negative slope at the group level (*t*-test of the slopes against zero, p \< 0.05, Bonferroni corrected) were considered as the CNV specific electrodes ([SI Fig. 2](#f0050){ref-type="graphic"}, top of the left column) and used as electrodes of interest for individual patients and controls.

For each patient and each control, we estimated the slope between − 300 ms and − 100 ms for each electrode of interest in each trial, using a linear regression of voltage against time. An individual was considered having a CNV effect if \> 10 of the electrodes of interest showed a significant negative slope across all experimental trials (*t*-test of the slopes against zero, p \< 0.05). Furthermore, an individual was considered having a strategic modulation of the CNV if \> 10 of the electrodes of interest showed a more negative slope in predictive (75%) than in non-predictive (50%) sessions (two-sample *t*-test of the slopes in both conditions, p \< 0.05). A "significant" CNV modulation was not considered if the primary CNV effect was absent.

### 2.5.4. Group comparisons statistics {#s0055}

We tested whether the outcome of our cognitive assessments varied according to the clinical categories by computing the Bayes factor of the corresponding contingency tables ([@bb0155]) using the JASP software ([@bb0170]). We report the Bayes factors using the Raftery terminology ([@bb0275]).

### 2.5.5. Source reconstruction {#s0060}

The cortical sources of the grand average effects observed in the control group were reconstructed using the Brainstorm software ([@bb0350]). The reconstruction was based on the MNI anatomical template "Colin 27". The overlapping spheres method was used for computing the forward model. The dSPM method was used for source reconstruction ([@bb0070]). For cortical sources visualization in the figures, source activity cutoff was set at half of the maximum on the scale, with a minimum size of 10 vertices.

3. Results and discussion {#s0065}
=========================

3.1. Behavioral results in the control group {#s0070}
--------------------------------------------

In the control study, participants had to press a button as fast as possible on the side of the target, allowing a behavioral analysis. For each participant and each of our 12 experimental conditions we excluded reaction times (RTs) below 90 ms and above 1000 ms and extracted the median reaction time across the remaining trials (a similar pattern of results was obtained when using the mean instead of the median). [Fig. 1](#f0005){ref-type="fig"}B shows the group average RT and accuracy. Statistical significance of the behavioral effects were assessed through repeated measures ANOVAs on RTs and accuracy, with factors of Context (50% or 75%), Cue Type (Own name, Other name, Non vocal), and Spatial Congruence (Incongruent or Congruent), and separate repeated measures ANOVAs within each Context.

In the 50% context, although the cue was not predictive of the target side, participants were faster at reporting the target\'s side when it was preceded by a spatially congruent cue, irrespective of the cue type (ANOVA restricted to 50%: *F*(1.00,14.00) = 16.8, p = 0.001). They were also more accurate for congruent than incongruent cues (ANOVA restricted to 50%: *F*(1.00,14.00) = 7.9, p = 0.014). So both RT and accuracy indicated that the irrelevant cue automatically attracted spatial attention, speeding and improving the response to the target when it was on the same side. In sessions where the cue side predicted the target side with 75% probability, reaction times for congruent cues further improved by approximately 40 ms, while staying at a similar level for incongruent cues. This yielded an even stronger difference in RTs between spatially congruent and incongruent trials in the 75% context, irrespective of cue type (ANOVA restricted to 75%, main effect of congruence: *F*(1.00,14.00) = 37.5, p \< 0.001; general ANOVA, context x congruence interaction: *F*(1.00,14.00) = 27.3, p \< 0.001). This massive improvement in RT for congruent cues in the 75% context was mirrored by an important drop in accuracy for incongruent trials, yielding an even greater difference in accuracy between congruent and incongruent cues in the predictive than in the non-predictive context (ANOVA restricted to 75%, main effect of congruence: *F*(1.00,14.00) = 17.9, p = 0.001; general ANOVA context x congruence interaction: *F*(1.00,14.00) = 19.2, p = 0.001).

In contrast, there was no indication of an effect of the cue type, neither in RTs nor in accuracy.

In conclusion, this pattern of results suggests that control subjects showed automatic orienting of attention in the 50% context. In the 75% context they strategically used the predictability of the cue to prepare their response to the target, thus yielding faster responses in congruent trials, at a cost of a higher error rate in the 25% of trials where the target was not on the same side as the cue.

3.2. Own name recognition {#s0075}
-------------------------

Contrasting the processing of the participant\'s own name versus the other name in the control group revealed the classical P300 to own name: a positive waveform over centro-parietal and occipital electrodes occurring around 300 ms after stimulus presentation ([@bb0025], [@bb0130]) ([Fig. 2](#f0010){ref-type="fig"}A). The separate topographies for own name and other name were dominated by the CNV (fronto-central negativity, detailed in next section) so that the P300 to own names was only visible in the subtraction. According to source reconstruction ([Fig. 2](#f0010){ref-type="fig"}B.), an important source of the effect was located in midline structures, particularly in the posterior ventral cingulate cortex, as identified in Destrieux parcellation ([@bb0095]). This matches the literature on self-referential processes, which identifies the posterior cingulate cortex as a key component ([@bb0035]). One study directly testing the PET activity correlating with the P300 to own name also pointed to two midline structures: the precuneus (slightly above the posterior cingulate cortex identified here) and the medial prefrontal cortex ([@bb0245]).

The P300 response to own name has been shown to occur even in the absence of consciousness, notably during sleep stage II, although with a delayed latency, around 600 ms ([@bb0240]). Previous studies on patients have shown that a P300 to the patient\'s own name can be elicited in most MCS patients and even in some VS patients, although again the latency was around 600 ms ([@bb0250]). In the present study we observed a significant P300 effect in most but not all control subjects (9/15, [Table 1](#t0005){ref-type="table"} and [Fig. 2](#f0010){ref-type="fig"}C for one sample control subject). The effect was present in 4/8 MCS patients, and 1/4 VS patients ([Table 1](#t0005){ref-type="table"}). It was absent in the conscious patient. As expected from the literature, for most patients showing the effect, the latency of the P300 to own name was shifted in time. It was the case for our sample patient, MCS7 ([Fig. 2](#f0010){ref-type="fig"}D). For this patient, the P300 also showed an atypical left lateralization, which might be due to the patient\'s right craniotomy and diffuse lesions over the right hemisphere.

3.3. Temporal attention (CNV) and contextual modulation of temporal attention {#s0080}
-----------------------------------------------------------------------------

Since there was a fixed temporal interval of 550 ms between the cue and the target, the cue predicted the moment of appearance of the target. This gave rise to a typical signature of temporal attention or "anticipation": the Contingent Negative Variation or CNV ([@bb0365]). Because of the relatively short temporal interval between cue and target, the present paradigm only allowed to observe the early part of the CNV ([@bb0295]), whose amplitude is thought to relate to physiological noradrenergic arousal ([@bb0030]). In the control group, a typical CNV developed between the cue and the target across all conditions, in the form of a fronto-central negativity whose intensity increased gradually towards the expected time of the target ([Fig. 3](#f0015){ref-type="fig"}A--C.). This effect was already observable in the 50% sessions, where the cue only predicted the time of the target but not its side. It was further modulated by the context: in the blocks where the cue also predicted the side of the target at 75%, the slope of the CNV was steeper than in non-predictive blocks (50%) ([Fig. 3](#f0015){ref-type="fig"}A--C). This modulation was significant at the group level. Importantly, it was present before the target, during a time period where the stimulation was the same in the 75% or 50% context, and thus necessarily reflected knowledge of the general context. Contextual modulations of anticipation have been described in healthy subjects in many previous studies ([@bb0110], [@bb0300], [@bb0305]). The contextual modulation observed here might be directly linked to the strategic switch observed in behavior: when the cue was predictive, control subjects prepared in advance their response to the target based on the cue side.

Previous MEG studies have identified the anterior cingulate cortex as a major cortical source of the CNV ([@bb0165], [@bb0195]). This was confirmed with joint fMRI and EEG recording: fMRI activity in the anterior cingulate cortex correlates with trial-by-trial variations in the amplitude of the CNV ([@bb0220]). Accordingly, source reconstruction revealed strong activation of the anterior cingulate as well as dorsolateral prefrontal cortex just before target onset, with a temporal profile that mirrored the CNV ([Fig. 3](#f0015){ref-type="fig"}D).

One previous study in our group pioneered the use of the CNV for probing temporal attention in non-communicating patients ([@bb0115]). This study used the local-global protocol ([@bb0015]): each trial consisted of a series of 5 regularly spaced sounds played over a period of 650 ms. In control participants, these series triggered a CNV that started with the first sound and resolved shortly after the last sound. A CNV was observed for some MCS as well as some VS patients, suggesting that this "first level" CNV reflected an "automatic" anticipation effect. However, its presence was associated with a higher chance of also showing a "global effect", a specific marker of consciousness. So, although not specific of conscious processing, the presence of a CNV might sign the preservation of important precursors of consciousness. Indeed, it reflects the preservation of at least some functions of the anterior cingulate and prefrontal cortex, two regions that are often considered as essential nodes in conscious processing ([@bb0085], [@bb0090], [@bb0280]).

In the present study, a significant CNV was observed for each and every control subject, for the conscious patient, for 5/8 MCS patients and 3/4 VS patients ([Table 1](#t0005){ref-type="table"} and [SI Fig. 2](#f0050){ref-type="graphic"}) confirming that a significant "first level" CNV can be observed in some VS patients.

The present protocol further probed whether the CNV was modulated by the strategic context. Although the strategic modulation of the CNV was significant at the group level for control subjects, only 5 out of 15 control subjects showed a significant modulation at the individual level ([Table 1](#t0005){ref-type="table"}, [Fig. 3](#f0015){ref-type="fig"}E, [SI Fig. 2](#f0050){ref-type="graphic"}). Two MCS patients showed a significant modulation ([Fig. 3](#f0015){ref-type="fig"}F), the conscious patient did not, and none of the VS patient did ([Table 1](#t0005){ref-type="table"}, [Fig. 3](#f0015){ref-type="fig"}F, [SI Fig. 2](#f0050){ref-type="graphic"}). As noticed before, this modulation denoted an understanding of the context over a large time scale. It could come both from the instructions at the beginning of each session, and from the integration of the contingencies over several trials, in both cases reflecting the preservation of high-level cognitive abilities ([@bb0015], [@bb0115], [@bb0120]). Interestingly, patient MCS 7, who showed a particularly neat profile of CNV modulation ([Fig. 3](#f0015){ref-type="fig"}F), also showed the best outcome from our pool of patients, with a GOS-E of 5 at 12 months after the accident, meaning that he was able to look after himself at home ([Table 1](#t0005){ref-type="table"}). This might hint towards a potential prognostic value of this new marker, which will be further investigated in future studies.

3.4. Lateralized Potential to the cue: spatial attention and motor anticipation {#s0085}
-------------------------------------------------------------------------------

Another major novelty of the present protocol is the probing of spatial attention. In the 50% context, there was no strategic advantage in orienting attention to the cue or prepare a response to it, because the cue side was unrelated to the target side. Still, the reaction times to the target were influenced by whether the preceding cue had been presented on the same or the other side ([Fig. 1](#f0005){ref-type="fig"}B.), denoting an automatic orienting of spatial attention by the cue. In the control group, the cues elicited a negative bias over the controlateral fronto-central electrodes around 300 ms after the cue, such that the "left minus right cues difference" showed a bipolar topography over fronto-central electrodes ([Fig. 4](#f0020){ref-type="fig"}A). This effect cannot be attributed to the slightly asymmetrical processing of lateralized sounds by the contralateral auditory cortex: if it had been the case, it would have been observed at the time of the auditory evoked N1 (100 ms after the cue) with a less anterior focus. Instead, the latency and topography of this effect were typical of an Anterior Directing Attention Negativity (ADAN), which reflects a shift of attention induced by spatial cueing ([@bb0100], [@bb0105], [@bb0325]). Source reconstruction indicated lateralized activations in the frontal eye field and premotor cortices ([Fig. 4](#f0020){ref-type="fig"}B.). These sources were in accordance with the generators of the ADAN ([@bb0270]). Furthermore, since participants were asked to produce a lateralized response on the same side as the lateralized stimulation, the present ERPs probably showed a mixture of ADAN and cue-related lateralized readiness potential (LRP), a motor preparation component ([@bb0075], [@bb0180]). We derived an index of lateralization of activity in the premotor cortex in favor of the correct response to the target by performing the following subtraction: Right Premotor (Target Right - Left) -- Left Premotor (Target Right - Left). As expected, this index showed a positive bump after the target and just before the actual button press ([Fig. 4](#f0020){ref-type="fig"}B right panel). What happened to this index before the target depended on the spatial congruence of the cue: in congruent trials (blue), the cue biased in advance this index towards the future side of the target, whereas in incongruent trials (red), the cue biases this index in the opposite direction. We can see that this incorrect attentional and premotor bias introduced a slight delay in the correct motor preparation in response to the target (around 200 ms post-target), which probably explains the delay in reaction times ([Fig. 1](#f0005){ref-type="fig"}B).

This attention shift and action anticipation to the cue side in the 50% context was observed in only 8 out of 15 control subjects ([Fig. 4](#f0020){ref-type="fig"}C, [Table 1](#t0005){ref-type="table"}). It was not present in the conscious patient. It was the only marker that was present in a greater proportion of VS patients (2/4) than MCS patients (1/8) ([Fig. 4](#f0020){ref-type="fig"}D, [Table 1](#t0005){ref-type="table"}). It is noteworthy that, in the present protocol, lateralized solicitations were very frequent, which could induce habituation in the attentional orienting system. This marker might paradoxically detect patients with a deficient habituation mechanism, a hypothesis that remains to be formally tested.

3.5. Contextual modulation of lateralized potential to the cue {#s0090}
--------------------------------------------------------------

The lateralized potential to the cue (ADAN) was further modulated by the strategic context. In the 75% context, in contrast with the 50% context, there was a strong strategic advantage in shifting attention to the cue side and planning a movement based on it, since the prepared response could readily be applied to the target on 75% of the trials. So, if participants understood the task, the attention shift and action anticipation triggered by the cue should be much stronger in the 75% context. This contextual modulation was indeed observed in the control group: the lateralized ERP triggered by the cue was similar in topography but significantly stronger in the 75% than in the 50% context ([Fig. 4](#f0020){ref-type="fig"}E). In sources reconstruction, activity in premotor cortices before the target was even more biased by the cue side in the 75% sessions, resulting in a significant interaction of cue side with context on the lateralization index in premotor cortex ([Fig. 4](#f0020){ref-type="fig"}F).

Although this strategic effect was significant at the group level for controls, in individual tests it was found significant in only 3 out of 15 control subjects, ([Fig. 4](#f0020){ref-type="fig"}G, [Table 1](#t0005){ref-type="table"}). This suggests that our correction for multiple comparisons at the individual level might be too drastic. Significant contextual modulation was observed in the conscious patient, in one MCS patient but no VS patient ([Fig. 4](#f0020){ref-type="fig"}H, [Table 1](#t0005){ref-type="table"}).

3.6. Local incongruence detection {#s0095}
---------------------------------

When the target appeared it could be on the same side as the preceding cue (congruent) or on the other side (incongruent). For spatially incongruent targets, in contrast with congruent ones, we expected activations linked to the reorientation of attention as well as the monitoring of response conflicts ([@bb0255], [@bb0360]). Indeed, in incongruent trials, the cue attracted attention to one side of space, and the target triggered a reorientation to the other side; furthermore, the cue primed a motor response that was opposite to the response to the target, a conflict that needed to be resolved in order to produce the correct response. Both aspects reflect some incongruence detection.

We first examined the spatial congruence effect in the 50% sessions, where it denoted "automatic" orienting to the cue side despite its irrelevance to the task. In the control group, this contrast resulted in a strong and sustained effect between 300 and 800 ms after the target ([Fig. 5](#f0025){ref-type="fig"}A). The topography of this effect showed a strong negative focus over frontocentral electrodes, and a strong positive focus over centro-occipital electrodes, which is reminiscent of a P300. This result is compatible with previous findings on spatial auditory attention in control subjects ([@bb0320]). In reconstruction, we found important sources of this effect in the right inferior frontal sulcus, a key area of the network involved in reorienting attention ([@bb0050], [@bb0055], [@bb0255]) ([Fig. 5](#f0025){ref-type="fig"}B). We also found activation in the anterior cingulate as expected from previous studies on conflict monitoring ([@bb0360]). This incongruence detection effect (reorienting and conflict monitoring) was present in 11 of our 15 control subjects ([Table 1](#t0005){ref-type="table"}, [Fig. 5](#f0025){ref-type="fig"}C). It was present in the conscious patient, in 4 of the 8 MCS patients, and 1 of the 4 VS patients ([Table 1](#t0005){ref-type="table"}, [Fig. 5](#f0025){ref-type="fig"}D).

3.7. Global incongruence detection {#s0100}
----------------------------------

Again, our protocol allowed investigating how the strategic context interacted with spatial incongruence detection. In the control group, this analysis revealed a short period of interaction (\~ 70 ms) around 230 ms after the target ([Fig. 5](#f0025){ref-type="fig"}E). Although this effect was significant for uncorrected p-values, after correction for multiple comparisons with our procedure (see [Materials and methods](#s0010){ref-type="sec"}) its cluster p value was 0.12. This could be explained by the relatively short-lived nature of this effect, such that variations in latency across participants could have prevented observing a strong effect at the group level. Breaking down this interaction into its different subparts revealed that incongruent targets received a different treatment in the 75% context compared to the 50% context: although stimulation was physically the same in both contexts, incongruent targets in the 75% context induced a stronger transient central negativity around 230 ms, just before the response ([Fig. 5](#f0025){ref-type="fig"}A). This central negativity could reflect the detection of a "global deviant": incongruent targets were rare events in the 75% context, but not in the 50% context. In line with this interpretation, congruent targets, which were frequent in both contexts, did not evoke such differential activity. Although the topography was reminiscent of the MMN, it is important to note that the detection of deviance across 75% and 50% context necessarily implied integrating probabilities over several trials, i.e. several tens of seconds, a time scale for which the classical "automatic" MMN disappears. In studies using a "local-global" paradigm, the processing of global deviants starts with a central negativity around 200 ms, and is followed by a strong and sustained positivity ([@bb0015], [@bb0115], [@bb0120]). It seems that in the present protocol, only the early part of this global deviance detection effect was observed. Source reconstruction suggested the involvement of the caudal part of the anterior cingulate cortex ([Fig. 5](#f0025){ref-type="fig"}F). This effect was found significant in 8/15 controls ([Fig. 5](#f0025){ref-type="fig"}G, [Table 1](#t0005){ref-type="table"}), 1 MCS patient and 0/5 VS patients ([Fig. 5](#f0025){ref-type="fig"}H, [Table 1](#t0005){ref-type="table"}).

3.8. Lateralized readiness potential to the target: motor planning {#s0105}
------------------------------------------------------------------

As mentioned before, the present experiment was not passive listening: all healthy volunteers were required to indicate the side of the target by pressing a button with their right or left hand. Similarly, patients were instructed verbally, and reminded at the beginning of each block, to squeeze or imagine squeezing their right of left hand in accordance to the side of the target. In control subjects we observed, as expected, a typical lateralized readiness potential, or LRP ([@bb0075], [@bb0180]): around 200 ms after the target, just before the actual button press, the potential was more negative over the motor cortex controlateral to the response, so that the contrast "right minus left target" yielded a typical lateralized topography ([Fig. 6](#f0030){ref-type="fig"}A). Accordingly, source reconstruction revealed lateralized activations notably in the motor cortex and supplementary motor area (SMA; [Fig. 6](#f0030){ref-type="fig"}B). A significant LRP was found in 8 out of 15 controls ([Table 1](#t0005){ref-type="table"}), suggesting that our threshold for individual statistics was too strict in this instance, since all control participants did perform the motor task behaviorally. As an example, control number 2 clearly showed a LRP with a standard time course and topography, however this effect was not found significant after our correction for multiple comparisons ([Fig. 6](#f0030){ref-type="fig"}C). A significant LRP was found in 2/8 MCS patients, but none of the VS patients. Importantly, this means that these two MCS patients were trying to perform the instructed task, and were imagining squeezing their hand on the side of the target. One of these two MCS patients was the patient with the best outcome ([Fig. 6](#f0030){ref-type="fig"}D). The slightly atypical topography can be attributed to the right injury and craniotomy of this patient.

Note that we failed to observe evidence of command following in the 4 VS patients we tested here using the LRP marker. Obviously our effective is too small to draw any conclusion, but this observation may be discussed in the light of previous diverging reports about the ability to detect motor preparation in VS patients using EEG spectral power modulations ([@bb0060], [@bb0065], [@bb0145], [@bb0150]). Other studies, using electromyography or fMRI, hinted towards the possibility to detect motor planning in some presumably misdiagnosed VS patients ([@bb0010], [@bb0020]), but this issue is still under debate.

3.9. Synthesizing the multi-dimensional effects {#s0110}
-----------------------------------------------

In summary, we could derive, from a single protocol, 8 different ERP indexes probing multiple cognitive domains with different levels of complexity ([Table 1](#t0005){ref-type="table"}, [Fig. 7](#f0035){ref-type="fig"}). We had 5 low-level effects and 3 high-level effects, which were modulations of a low-level effect by the general context (75% or 50%). The different dimensions were:1.Perception (Own name recognition)2.Temporal attention (CNV)3.Spatial attention and anticipation of future action (ADAN to the cue)4.Local incongruence detection (effect of spatial incongruence in the 50% context)5.Motor planning (LRP to the target)6.Contextual modulation of temporal attention (modulation of the CNV)7.Contextual modulation of spatial attention (modulation of ADAN to the cue)8.Global incongruence detection (modulation of spatial incongruence detection by the global context)

Following the same logic as clinical evaluation using a CRS-R scale, the present protocol aimed at establishing for each patient a chart of their residual cognitive capacities using ERPs. We represented these ERP cognitive charts by plotting the statistical level of each ERP effect (1-pclust in %) on a 8 axes spider plot, one for each ERP index ([Fig. 7](#f0035){ref-type="fig"}) with the first level effects at the bottom, and the high-level effects at the top. [Fig. 7](#f0035){ref-type="fig"}A shows the averaged statistical scores for the VS group and the MCS group (including the conscious patient), normalized to the control. The high level effects, on top of the chart, were only present in the MCS group, not in the VS group, while there was no obvious difference between groups for the low-level effects. This was confirmed by Bayesian statistics. [Fig. 7](#f0035){ref-type="fig"}.B. shows the Bayes factors for the distinction between the MCS and VS patients along the different cognitive dimensions. When taken individually, none of the cognitive dimensions was conclusively more represented in MCS than in VS patients (all BF~10~ \< 3, ([@bb0275])), and there was positive evidence that low-level spatial attention was similar in the two groups (BF~01~ = 5). However, when combining dimensions, there was positive evidence that MCS patients were more susceptible that VS patients to show at least one high-level effect, any of them (BF~10~ = 3.8). Conversely there was positive evidence that the two groups were similar when considering the presence of at least one low-level effect, any of them (BF~01~ = 3.3). This illustrates that combining several cognitive dimensions allowed improvement in the patients\' assessment.

The ERP cognitive charts for each individual are represented in [Fig. 7](#f0035){ref-type="fig"}C (see also [Table 1](#t0005){ref-type="table"}). The absence of any effect in patient 8 (MCS) is suggestive of a recording problem that was not detected during preprocessing. The importance of combining several indexes, as revealed by the Bayesian statistics, is clearly understandable when looking at individual results. None of the MCS or conscious patients showed more than one strategic effect, but the type of index that revealed strategic processing varied across patients. If we had only used one high-level index, we would have detected at most 2 patients with indications of high-level processing, instead of the 5 patients detected here ([Table 1](#t0005){ref-type="table"}).

Interestingly, the patient who showed the best outcome, and regained functional communication at 12 months (MCS7 in [Table 1](#t0005){ref-type="table"}) not only showed a strategic effect at the time of the test, 12 month before, he also was the patient with the greatest number of low-level effects, including motor planning. This underlines another reason why considering multiple indices might be important: although strategic effects are probably good signs that central executive processors are partially working, preserved lower level functions such as own name recognition or local incongruence detection might be essential for constantly stimulating remaining central processes. It seems reasonable to assume that the potential for recovery relies on the conjunction of multiple preserved functions, in which case a multidimensional assessment of cognition might be interesting also for prognosis.

It is noteworthy that, even in control subjects, the detection of the different cognitive indexes was not perfect. This problem is not specific to the present protocol or methods: individual statistics in ERPs are notoriously difficult, and, to date, there is no consensus on the best criteria that should be used to detect an effect ([@bb0135]). Here, combining the different dimensions drastically improved detection rate, even in controls. So multidimensional testing might also be useful for compensating this methodological problem.

4. Conclusion {#s0115}
=============

Both pragmatic and theoretical reasons now point to multidimensional testing as an obvious way forward for improving the evaluation of DOC patients, and advancing our understanding of these deficits ([@bb0005]). The challenge was to build a practical test that efficiently probed multiple cognitive dimensions within a single protocol and a reasonable time slot, and to construct the corresponding analysis pipeline. In particular, we had to define technical landmarks to transform complex spatio-temporal EEG signals into simple neuro-cognitive scores. The results of this initial study suggest that the challenge has been met: for each of 15 individual controls and 13 individual patients, we could derive from a relatively complex experimental design, an interpretable chart of their cognitive abilities along 8 dimensions ([Fig. 7](#f0035){ref-type="fig"}). These charts come as direct echo of the theoretical proposition recently made by Bayne and collaborators ([@bb0005]).

Although some improvements can still be made to the protocol and analysis in terms of statistical power, the advantages of multidimensional testing were already potent in this initial proof of concept. Probing three high-level dimensions instead of one boosted the sensitivity in detecting patients with some preserved central executive functions (5 patients instead of 2). Motor planning in response to instructions was only found in MCS, not VS patients, in accordance with the clinical evaluation. When tested on larger populations, this dimension offers the potential of detecting misdiagnosed VS patients who can covertly follow instructions ([@bb0020], [@bb0060]). Finally, there is some interesting indication that the potential for recovery might rely on the combination of some preserved central function (at least one high-level effect) with a large panel of preserved low-level functions.

The present multidimensional approach is compatible with the global workspace model of consciousness ([@bb0080], [@bb0085]): in this model, conscious access to a representation relies on the establishment of a stable phase of communication and reinforcement between the areas primarily holding the representation (e.g. sensory areas), and more central areas that are able to maintain and use this information in a purposeful, non-stereotyped manner (executive fronto-parietal areas). Therefore, although this model postulates the existence of a single core mechanism for consciousness, namely global sharing, this mechanism typically manifests itself in multiple cognitive dimensions. In this model, the prerequisites for conscious access to emerge would be some preserved attentional and executive functions, some preserved lower-level functions and preserved connectivity among these nodes. The protocol presented here probes several executive and lower-level functions, but it does not focus on connectivity per se. Our protocol can easily be complemented with tools evaluating various aspects of spontaneous dynamics of EEG complexity and functional connectivity ([@bb0175], [@bb0345]), which can be acquired "for free" during the resting phases between test sessions.

In conclusion, although it stands to reason that a better evaluation of patients should emerge from testing multiple cognitive dimensions in EEG, in practice there has been no attempt so far in this direction, presumably because of practical obstacles. Here we propose a compact protocol that probes 8 cognitive dimensions in one go, and demonstrate that combining these dimensions does improve the patients\' evaluation compared to isolated dimensions. We hope that it can constitute a basis for improving the evaluation of DOC patients in the future.
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![Experimental design and behavioral results in controls.\
(A) Graphical summary of the experimental design: an auditory cue (either the subject\'s own name, another name or a non vocal control) was played on the left or on the right, followed by a target «beep» on the same side (congruent) or on the other side (incongruent). The control participants were asked to press a button with the hand corresponding with the target side, the patients were instructed to imaging squeezing their hand on the target\'s side. (B) Behavioral results for the control group: the left panel shows average reaction times to the target across participants for correct responses, in the non-predictive context (50% of congruent trials, dotted lines) and in the predictive context (75% of congruent trials, plain lines) as a function of the cue type (x axis) and spatial congruence between the cue and the target (blue for congruent, red for incongruent). Error bars represent ± the standard error of the mean (SEM). The right panel shows the results on accuracy, with the same conventions.](gr1){#f0005}

![Own name perception.\
(A) ERP contrast between trials where the cue was the participant\'s own name versus the other name for the control group. The left panel shows the topographies evoked by the other name, the own name, and the difference at the time of peak of the group effect (350 ms). The right panel shows the time course of the GFP of the own name versus other name difference for the control group. (B) source reconstruction of the effect for the control group at the time of the peak (350 ms), and time course of reconstructed activity in the posterior ventral cingulate cortex (Destrieux parcellation). (C and D) Topographies and GFP time course of the effect for one individual control (C) and for one individual patient (D). For all GFP time courses, periods where the cluster-level p-value was below 0.075 are indicated under the curve by red to yellow lines with the following convention: red for pclust \< 0.025, orange for 0.025 \< pclust \< 0.05, yellow for 0.05 \< pclust \< 0.075 (as indicated in C, right panel). For the source activity (B, right panel) the same convention applies but for uncorrected p values (standard sample by sample *t*-test with no correction).](gr2){#f0010}

![Temporal attention (CNV) and contextual modulation.\
(A--D) CNV effect in the control group. (A) shows the evolution of the topography evoked by the cue, irrespective of its type, in the 200 ms preceding the target\'s expected time (at 550 ms). The frontal negativity characteristic of the CNV increases with time both in the unpredictive and predictive context, but with a steeper slope in the predictive context, as can be seen on the topographies of the difference. (B) Accordingly, the GFP gradually increased between the cue and the target, with a steeper slope in the predictive context (75% of congruent trials). Corrected p-value of the contextual effect (GFP of the difference between 75 and 50% context) are indicated on this graph, with the same convention as in [Fig. 2](#f0010){ref-type="fig"}. (C) Group averaged topographies of the slope (nV/ms) estimated using a linear regression of the voltage of each electrode between 300 ms and 100 ms before target for the 75% context, the 50% context and for the difference 75 minus 50%. Electrodes showing a significant negative slope are highlighted (p \< 0.05 uncorrected). (D) Reconstructed sources are shown for the 75% context, the 50% context and the difference at a time point where CNV culminates, just before target onset (− 8 ms). The graphs on the right show the activity of two selected sources in the right inferior frontal sulcus and in the left anterior cingulate (Destrieux parcellation). (E--F) GFP time courses and slope topographies for an individual control (E) and an individual patient (F). Conventions for statistical significance as in [Fig. 2](#f0010){ref-type="fig"}.](gr3){#f0015}

![Spatial attention (ADAN) and contextual modulation.\
(A--D) Effect of cue side in the non-predictive context (50%). (A) GFP time course of the effect of cue side (right panel) and corresponding topographies at 300 ms (left panel) for the control group. (B) Source reconstruction for the control group at 300 ms (left panel) and lateralization of the reconstructed activity in premotor cortices towards the future target\'s side (premotor activity ipsilateral minus contralateral to the future target\'s side) when the cue is on the same side as the future target (congruent, blue) or on the other side (incongruent, red). The premotor cortices correspond to the left and right middle frontal gyri of Destrieux parcellation. (C--D) Topographies and time course of the effect of cue side in an individual control (C) and an individual patient (D). Time of the topographies is indicated with an arrow on the corresponding GFP time course. (E--H) Modulation of the effect of cue side by the predictive context in the control group (E--F) and in the two individuals (G--H). Conventions for statistical significance as in [Fig. 2](#f0010){ref-type="fig"}.](gr4){#f0020}

![Local and global incongruence detection.\
(A--D) Effect of cue-target incongruence in the non-predictive context (50%), reflecting local incongruence detection (A) GFP time course of the effect of cue-target congruence (right panel) and corresponding topographies at 480 ms (left panel) for the control group. (B) Source reconstruction of the effect for the control group at 480 ms (left panel) and activity in the Inferior Frontal Sulcus (IFS, Destrieux) in the congruent and incongruent conditions. (C--D) Topographies and time course of the effect in an individual control (C) and an individual patient (D). (E--H) Interaction between context and cue-target congruence. (E) In the control group, incongruent trials were processed differently in the predictive versus non-predictive context, while congruent trials were processes similarly in the two contexts, reflecting global incongruence detection. (F) In source reconstruction this effect could be seen for example in the middle posterior part of the anterior cingulated cortex (ACC). (G--H) Topographies and time course of the effect in an individual control (G) and an individual patient (H). None of the patients showed both the local and global incongruence effect, hence different individual patients were chosen to illustrate these two effects. Conventions for statistical significance as in [Fig. 2](#f0010){ref-type="fig"}. In (E) right panel, the cluster shown in grey had a corrected p value of 0.25.](gr5){#f0025}

![Motor planning (LRP).\
(A) Effect of target side in the control group, mostly reflecting a lateralized readiness potential (LRP). Topographies of the LRP at 230 ms are shown on the left panel. The time course of the GFP is shown on the right. (B) Source reconstruction of the target left minus right difference in the control group at 230 ms (left panel) and time course of the activity in the left and right motor cortex and SMA. Left and Right motor cortex were selected using the Destrieux parcellation (left and right precentral gyri). For selecting the supplementary motor areas (SMAs), we used the left and right paracentral regions from the Desikan-Killiany parcellation, the Destrieux parcellation being less precise in this region. (C-D) Topographies and time course of the effect in an individual control (C) and an individual patient (D). Conventions for statistical significance as in [Fig. 2](#f0010){ref-type="fig"}.](gr6){#f0030}

![EEG cognitive charts.\
(A) Average statistical scores for the MCS + Conscious group and the VS group over the 8 cognitive dimensions tested represented on a radar/spider plot. On this graph, the average scores in the control group were set to 100%, and the scores in the other groups were normalized according to this reference. (B) Bayes Factors in favor of hypothesis 1 (MCS \> VS) over hypothesis 0 (MCS = VS) and conversely (BF~10~ and BF~01,~ with BF~10~ = 1/BF~01~) on the different cognitive dimensions. The dotted lines denote the value beyond which there is positive evidence in favor of one of the hypothesis (BF \> 3) according to Raftery\'s terminology ([@bb0275]) (C) Cognitive chart of each individual, without normalization.](gr7){#f0035}

###### 

Individual EEG results.

An effect was considered as present in one individual ("Yes") if and only if there was at least one cluster of significant effects (p \< 0.05 at each sample) within the time window of interest, with a cluster level p-value (pclust) lower than 0.075 (see [Materials and methods](#s0010){ref-type="sec"}). For the effects indicated as "present" with no further precision pclust \< 0.05.
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